Abstract The commercial electrode Li 4 Ti 5 O 12 was modified with SiO 2 and TiO 2 -SiO 2 . All samples were characterized by scanning electron microscope (SEM), particle size distribution (PSD), porous structure parameters (low-temperature N 2 sorption), galvanostatic charge-discharge test, cyclic voltammetry (CV), and electrochemical impedance spectroscopy (EIS). Appropriate amount of TiO 2 -SiO 2 and SiO 2 could effectively reduce the electrochemical polarization of Li 4 Ti 5 O 12 and enhance electrochemical reaction kinetics of Li + insertion/ deinsertion. Moreover, Li 4 Ti 5 O 12 /TiO 2 -SiO 2 provides a high rate capacity of 165 mAh g −1 at the high current density of 0.5 C. To investigate cycle stability of the electrode materials at high current density, the measurements were directly carried out at 3 C. SEM images of the LTO/TiO 2 -SiO 2 , LTO, and LTO/SiO 2 particles after galvanostatic charging/discharging show that they were coated by a uniform layer (the SEI layer).
Introduction
As practical lithium-ion battery, high security and energy storage are important, long cycle life and good rate performance also directly determine their application prospects [1] . However, the current commercial lithium-ion battery based on graphite systems cannot satisfactorily meet the increasing demands of modern power systems because of their poor rate capability and cycle life [2] . Recently, Li 4 Ti 5 O 12 has aroused intense research interests as a new anode for lithium-ion battery owing to its some appealing features such as high stability, safety, and excellent cycling performance [3] [4] [5] . Despite many advantages associated with Li 4 Ti 5 O 12 , low electric conductivity prohibits its use in large-scale applications [6, 7] . In order to overcome the problem, surface coating method has been devoted to the exploration of Li 4 Ti 5 O 12 , such as doping Li 4 Ti 5 O 12 with metals or metal oxides [8] [9] [10] and coating Li 4 Ti 5 O 12 with conductive carbons [11] [12] [13] . Wang et al. [14] synthesized the rutile-TiO 2 -terminated Li 4 Ti 5 O 12 nanosheets by a facile method through adjusting the molar ratios of starting reactants. The rutile-TiO 2 layer at the edges of the Li 4 Ti 5 O 12 nanosheets inherits the advantage of nanosheet morphology for fast lithium-ion transportation from liquid electrolyte into the nanosheets, which improves surface stability and electrochemical properties of Li 4 Ti 5 O 12 . In contrast to the common graphite anodes, Li intercalation into TiO 2 and LTO takes place at potentials around 1.8 and around 1.55 V vs. Li/Li + , respectively. Thus, TiO 2 and LTO anodes operate within the electrochemical stability window of typical battery electrolytes, so that the formation of solid electrolyte interphase (SEI) layers on top of the active TiO 2 /LTO particles should not take place. SEI layers may, however, form on the surface of conductive additives. Anodes containing TiO 2 nanoparticles have been extensively studied in order to increase the interfacial area between TiO 2 particles and the battery electrolyte and in order to reduce the diffusion length for Li + ions within the TiO 2 particles [15, 16] . The mechanism of Li storage in nanocrystalline TiO 2 has been examined by means of charge/discharge experiments and cyclic voltammetry.
Spinel Li 4 Ti 5 O 12 material has an excellent reversibility of Li-ion intercalation and de-intercalation with a theoretical capacity of 175 mAh g −1 , and it also exhibits no volume changes during charge and discharge cycles combined with an excellent safety performance [17] [18] [19] . However, the power performance of Li 4 anode, extensive works concentrated on forming nanoparticles [25] [26] [27] [28] , doping [29] [30] [31] [32] [33] [34] with metal cations, and composing with carbon or metal powders [35, 36] . In many publications, Li 4 Ti 5 O 12 is synthesized by the solgel method with addition of TiO 2 or graphene. In this work, for the first time, the cheaper method of adding inorganic oxides by mixing in the preparation of the electrode is described.
Experimental Materials
The materials used were lithium titanate Li 4 Both emulsions were subjected to homogenization for 20 min (IKA®T25 homogenizer made by IKA WERKE). Then, using a PP1B-05A peristaltic pump, emulsion E1 was introduced in doses to E2. As a result of dispergation, a white precipitate of TiO 2 -SiO 2 was obtained, which was destabilized at 80°C in order to separate the organic phase. The precipitate was filtered off from the post-reaction mixture. The filter cake obtained was washed a few times with hot water and then with methanol in order to remove the residues of surfactants. Subsequently, the TiO 2 -SiO 2 composite was dried by the convection method to eliminate moisture. Finally, the dried TiO 2 -SiO 2 precipitate was calcined in a type AWF 115/5 furnace made by Lenton Furnaces, at 1000°C for 3 h, to obtain a stable form.
SiO 2
Two types of emulsions were prepared. The first one labeled as E2 and referred to as acidic was composed of the organic phase (cyclohexane POCh SA) and a 5% solution of hydrochloric acid (POCh SA). It also included nonylphenylpoly oxyethyleneglycol ethers (NP3 and NP6, PCC ROKITA SA). The second emulsion labeled E1 was referred to as the basic one. It contained a fixed volume of a 20% solution of sodium silicate (VITROSILICON SA) into which cyclohexane and emulsifiers (NP3 and NP6) were introduced in appropriate amounts. The emulsions were obtained by dissolving weighted portions of non-ionic surfactants in cyclohexane. The mixture obtained was applied in small doses into the water phase being a water solution of sodium silicate for E1 and a water solution of hydrochloric acid for E2. The E2 emulsion was homogenized in the next step for 20 min at the rate of 8800 rpm and placed in a reactor (QVF MiniPlant Pilot-Tec) of 10 dm 3 in capacity (under continuous stirring at the rate of 760 rpm). Then, E1 was homogenized at the rate of 8800 rpm for 20 min. After this stage, E1 was introduced in doses into E2 at the rate of 20 cm 3 min −1 using a peristaltic pump. As a result of dispergation, a white sediment of silica appeared, which was later destabilized at 80°C in order to separate the organic phase. The sample was filtered of under reduced pressure. The filtration residue obtained was washed a few times with hot water and then with methanol in order to remove possible residues of surfactants. The last phase of the process was the removal of humidity from the silica by spray drying in a GeoNiro A/S. ) and Li 4 Ti 5 O 12 2.5-3.5 mg. Cells were assembled in a glove box in the dry argon atmosphere. Cycling measurements were taken with the use of the ATLAS 0461 MBI multichannel electrochemical system (Atlas-Sollich, Poland) at different current rates (0.5-5 C). Cyclic voltammetry and ac impedance measurements were performed using the μAutolab FRA2 type III electrochemical system (Ecochemie, Netherlands). The thermal behavior of electrolytes in the temperature range of 30-600°C was studied by TG-DSC. A differential scanning calorimeter model DSC XP-10 (THASS GmbH) was used. After electrochemical measurements, cells were disassembled in a glove box and the electrodes were washed with DMC and dried in vacuum at room temperature. The morphology of the TiO 2 -SiO 2 , SiO 2 , and Li 4 Ti 5 O 12 (pristine and after electrochemical cycling) was observed under a scanning electron microscope (SEM, Tescan Vega 5153).
Procedures and measurements

Results and discussion
Physicochemical properties of TiO 2 -SiO 2 and SiO 2 TiO 2 -SiO 2 hybrid obtained by the effective method of precipitation from an emulsion system is characterized by a monomodal particle size distribution with diameters in the range 342-1110 nm ( Table 2) . As evidenced by the SEM image (Table 2) , the particles have spherical shape. The hybrid is highly homogeneous, as is confirmed by the low polydispersity index of 0.226.
At the next stage of study, the adsorptive properties of TiO 2 -SiO 2 composite were characterized using a method based on nitrogen adsorption/desorption ( Table 2 ). The isotherm obtained had the shape typical for mesoporous adsorbents (type IV in the IUPAC classification) [37] . The mean pore diameter of 3.8 nm was also typical for mesoporous substances. The surface area of the TiO 2 -SiO 2 hybrid was 12.5 m 2 /g, which implies an intermediate level of surface activity.
The spherical silica was precipitated and subjected to dispersion analysis. The particle size distribution (Table 2) revealed a single band corresponding to the particles of diameters covering the range 164-295 nm, with the maximum volume of 37.2% corresponding to the particles of 220 nm in diameter. The SEM of the silica (Table 2) confirmed the above result as the sample showed high uniformity and a few agglomerates. The polydispersity index of this silica material was 0.250. Furthermore, N 2 sorption experiments were carried out to determine the structural properties of the silica fillers ( Table 2 ) [38] . The pore volume (V p ) of the unmodified silica is greater than the silane-grafted silicas. However, the average pore diameter (S p ) of silica modified slightly greater than the unmodified sample, which can be explained by the migration of modifier into the pores.
TG-DSC of Li 4 Ti 5 O 12
Figure 1 presents the TG-DSC curves of the precursor LTO over a temperature range from 30 to 600°C in air. The results suggest a four-stage reaction process.
The initial 5 wt% weight loss below 180°C is owing to the removal of surface water. The following 10 wt% weight loss below 280°C can be attributed to the dehydration of crystal water, and a sharp endothermic peak is examined in this stage.
Moreover, an exothermic reaction occurs at 280°C, which relates to a sharp decrease in the sample weight. However, this reaction is not exothermic enough to trigger the complete conversion of the precursor sample, since this step only accounts for a mass loss of~15% of the initial sample weight. The sample is left with 65% of its initial weight, while theoretically, a complete conversion would lead to a residual mass of 23.8%. This means that the fuel is not completely degraded and the sample is left with amounts of incompletely oxidized fuel.
In the stage below 450°C, the layered hydrous lithium titanate transforms to spinel Li 4 Ti 5 O 12 accompanied by the pyrolysis of titanium glycerol and a large quantity of heat was released. well-known that a large specific surface area can provide more locations and channels for lithium to insert into the electrode material, which also decreases the irreversible capacity associated with the concentration polarization [40] . /Ti 4+ couple in the spinel structure, compensated by lithium extraction-insertion [41] . However, no distinct cathodic peaks are observed from 0.9 to 1.3 V. A visible peak between 0.4 and 0.7 V is responsible probably for the presence of introduced TiO 2 -SiO 2 groups.
Cyclic voltammetry
The nanostructured LTO/TiO 2 -SiO 2 apparently behaves differently from the bulk crystals that show clear crystalline phase transitions during the lithium insertion/extraction process involving one Li + per TiO 2 -SiO 2 . The CV curves are almost identical in the first 3 cycles at each scan rate, indicating good reversibility of these electrochemical reactions. At higher scan rates, the relative contribution by the capacitive component decreases. The Li + insertion/extraction waves become broader and shift to lower/higher potentials, respectively.
Impedance spectroscopy
As seen from the Nyquist plots, it can be found that the radius of the semicircle of LTO/TiO 2 -SiO 2 electrode is smallest and that of commercial LTO is the largest among the three samples. And the resistances were calculated on the base of fitting circuit (inset of Fig. 4 ). This experiment demonstrated that the charge-transfer resistance of LTO electrode can be lowered through doping of TiO 2 -SiO 2 and combination with SiO 2 . Although the mechanism of effects of LTO/TiO 2 -SiO 2 should be further studied, these experiments have proved that fabricated LTO/TiO 2 -SiO 2 electrode possessed superior electrochemical performance as anode material in LIB.
This result validates that TiO 2 -SiO 2 phase in LTO/TiO 2 -SiO 2 has better effect to improve the conductivity of the electrode at low charge/discharge current density. That may explain why LTO/TiO 2 -SiO 2 electrode with active process shows better cycling stability than LTO/SiO 2 electrode without active process.
The [47, 48] . The slope line at low frequency corresponds to the Warburg impedance (Z w ), which is related to the Li-ion diffusion in the electrodes [45] . The authors also show that the R ct of Li 4 Ti 5 O 12 with 3 wt% carbon addition is the least and that with 5 wt% carbon addition the largest. The larger R ct is mainly attributed to the agglomeration of carbon resulting in a great decrease of ionic conductivity. It is seen that the EIS results are consistent with those of the CV. Another approach is concerned with the formation of composites with oxides such as SiO 2 and TiO 2 . This leads to the sorption of mobile ions at grain boundary [54] [55] [56] .
The charge-discharge curves of Li 4 Ti 5 O 12 /TiO 2 -SiO 2 at the current density of 0.5 C are shown in Fig. 5a . As the same as Li 4 Ti 5 O 12 , the two composites provide a pair of distinct and flat potential plateau around 1.53 and 1.60 V [57] .
Charge plateau is attributed to low polarization of the composites containing TiO 2 -SiO 2 . Rate discharge capability and cycle stability of the prepared materials were investigated at different current densities from 0.5 to 5 C (Fig. 5b) . All the capacity calculations are based on the total mass of the active materials.
Here, reversible capacity of additives can be neglected due to the high discharge cut-off potential (1.0 V) and the small content in the electrode materials (∼3 wt%). The initial discharge capacity of Li 4 ). This is not surprising in view of irreversible Li insertion, surface defects, and trace water adsorbed on the active materials during the first discharge process [57] . At the low current density of 0.5 C, Li 4 , respectively. Clearly, though the addition of SiO 2 can improve rate capability of Li 4 Ti 5 O 12 , it is not ideal for long cycle stability at high current density. Li 4 Ti 5 O 12 / TiO 2 -SiO 2 has not only outstanding high rate capability but also excellent cycle stability [58] .
A very thin layer of TiO 2 -SiO 2 was found on the outmost surface of LTO, which indicates composite maybe chemically-inert when facing with such kind of electrolyte. Therefore, the introduction of the TiO 2 -SiO 2 groups into the spinel causes significant stabilization of the capacitance, which positively influences the working life of the electrode. theoretical capacity and superior rate capability [71] [72] [73] [74] [75] [76] [77] [78] [79] [80] [81] [82] [83] [84] [85] [86] . In particular, by using flexible current collectors such as carbon nanotubes and fibers, flexible LTO composite electrodes have been obtained [71, 86] . In addition, combining LTO with conducting metallic nanoparticles can also improve the rate performance of LTO electrodes [87] [88] [89] [90] [91] [92] [93] [94] . These improvements are noteworthy but still insufficient for power and flexibilityoriented applications.
SEM
The morphology evolution of the samples after galvanostatic process was observed by SEM. Images show that the precursor (Li 4 Ti 5 O 12 ) has an irregular morphology. But highresolution image displays that the precursor is assembled by nanoparticles with a homogeneous particle size distribution of about 300 nm. The nanoparticles agglomerate into a relatively dense and smooth surface with mesopores formed among the interconnected particles. The hierarchical porous structure is formed due to a large amount of mesopores formed among the irregular particles. Such a porous structure plays a vital role in enhancing the power density via reducing the diffusion path length of lithium-ion [50] . However, SEM images of the LTO/ TiO 2 -SiO 2 (Fig. 6b), LTO (Fig. 6a) , and LTO/SiO 2 ( Fig. 6c) particles after galvanostatic charging/discharging show that they were coated by a uniform layer. Probably this film can be identified as the SEI layer.
The TiO 2 -SiO 2 layer at the edges of the LTO nanosheets inherits the advantage of nanosheet morphology for fast lithium-ion transportation from liquid electrolyte into the nanosheets, which improves surface stability and electrochemical properties of LTO.
Conclusions
The amorphous TiO 2 -SiO 2 and SiO 2 nanoparticles were prepared by emulsion method, and then, they were used as additive to the Li 4 Ti 5 O 12 anode. The oxide addition plays a significant influence in the structure, morphology, and electrochemical performances of the anode. The sample with 3 wt% TiO 2 -SiO 2 shows highest specific capacity, and they are 166, 150, and 120 mAh g −1 at 0.5, 1, and 5 C rate, respectively.
Whereas, the sample with 3 wt% TiO 2 -SiO 2 addition shows best cycling performance and the capacity retention after 50 cycles at 1 and 5 C is respectively 99 and 92%. Its capacitive behavior is beneficial for the improvement of the cycling performance. The sample with 3 wt% SiO 2 shows the smallest specific capacity, and they are 120, 110, and 100 mAh g −1 at 0 It suggests that this novel electrode would be an alternative material for rechargeable lithium-ion batteries.
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